Quality assessment of pansharpening methods is not a trivial task. The generally used indexes i.e., Q4, SAM and ERGAS require a reference image at the same resolution as the fused image. Since, this reference image is not available the quality of pansharpening algorithms is tested at degraded resolution. However, this does not provide the means to assess the quality of fused images at the desired high resolution. In this paper we propose a method to assess the fusion quality at high resolution by making use of modulation transfer function filters in the frame works of Wald's spectral consistency protocol and Zhou's spatial quality protocol. The results are compared with the recently proposed QNR quality index which also does not require a reference high resolution multispectral image, Zhou's protocol, Q4, ERGAS and SAM.
INTRODUCTION
The panchromatic (Pan) image and the multispectral (MS) images provided by satellites are not at the same resolution. The MS images have a high spectral and low spatial resolution while the Pan image has a high spatial resolution, but no spectral diversity. The process of pansharpening helps in producing MS images having both high spatial and spectral resolution. For the Quickbird satellite the Pan image has a 0.7 m spatial resolution while the MS image has a 2.8 m spatial resolution. The pansharpening process provides MS image at 0.7 m spatial resolution. The problem arises when the quality of this pansharpened image is to be determined quantitatively. The quality indexes generally used for quantitative evaluation, i.e., Q4, SAM, and ERGAS, all require a reference image at the same resolution as the pansharpened image. Hence, for quality assessment the pansharpening algorithms are tested on degraded images. This means that the Pan image of Quickbird is degraded to 2.8 m spatial resolution and the * The author would like to acknowledge the financial support provided by region Rhone Alps of France without which this collaboration would not have been possible. MS image is degraded to 11.2 m spatial resolution. Then, the pansharpened image produced is at 2.8 m spatial resolution and can be compared to the reference 2.8 m MS image. Recently, some quality assessment methods that do not require a high resolution reference MS image have been proposed. Except for the QNR index, proposed by Alparone et al. [1] , these indexes do not provide consistent results. However, the QNR index does not explicitly take into account the equivalent filter response of the sensor while calculating the quality of fused images. In this paper we propose a fusion quality assessment method, which does not require a reference high resolution MS image, analogously to QNR. The method provides two separate indexes one each for spectral and spatial quality. For the spectral quality we use Wald's consistency property [2] , while for the spatial quality assessment we have used a modified version of Zhou's spatial protocol [3] . The novelty of the method relies on the fact that we use the Modulation Transfer Function (MTF) filters to extract the spectral and spatial information from the fused images. In the next section we develop the procedure for assessing the quality of pansharpened images using MTF filters. In the third section a comparison is presented of different pansharpening methods [4] using different quality indexes. The final section presents the conclusion.
PROPOSED METHOD

Spectral Quality
The spectral quality of pansharpened images can be determined based upon the change in the colors of the fused images as compared to the reference high resolution MS images. Since this high resolution image is not available this comparison cannot be made. A solution to this problem is to make use of Wald's consistency property [2] .
The consistency property proposed by Wald states that the fused image once degraded, should be similar to the starting MS image. However, it does not specify the filter which is to be used for degradation. It is now accepted in the fusion community that the MS images should always be degraded using the MTF filters [5] . Hence, we propose to use the MTF filters to obtain a low pass filtered (LPF) image. This image when decimated should give us the reference low resolution MS image. For comparing the degraded MS image with the starting reference, we use the Q4 index proposed by Alparone et al. [6] . Hence, the procedure for assessing spectral quality is:
1. Apply the corresponding MTF filter to each fused MS band.
2. Decimate the filtered band.
3. Calculate the Q4 Index between each decimated filtered fused MS band and its low resolution original.
4. Take average of the absolute Q4 values obtained.
5. Subtract the average from 1 to yield a spectral distortion index.
The block diagram representation of the spectral quality assessment is presented in fig. 2 . While using the proposed protocol for assessing spectral quality it should be noted that the MTF filters for each sensor are different. The exact filter response is not provided by the sensor manufacturers, however, they provide the filter gain at nyquist cutoff frequency. Using this information and assuming that the frequency response of each filter is approximately Gaussian shaped, MTF filters for each sensor of each satellite can be obtained. We have used the Starck and Murtagh Filter (SMF) [7] , also known as the Atrous filter, as the MTF filter for the Pléiades images. The same filter was used for determining spectral quality of all the four bands. However, unlike Pléiades the MTF filters for each MS band of the Quickbird satellite have slightly different gains at Nyqvist cutoff. Hence, the MTF filter frequency response for each MS band of Quickbird were used to generate four different filters. The frequency responses of the Quickbird sensors along with the SMF frequency response are presented in Fig. 1. 
Spatial Quality
For assessing spatial quality of fused images we propose to use a modified version of Zhou's spatial correlation index. The spatial quality index proposed by Zhou in [3] extracts the high frequency information from both the Pan and fused MS image using a Laplacian filter. The correlation is calculated between the details extracted from the Pan and each pansharpened MS image. The quality index assumes that the ideal value of correlation between the details of the Pan and MS images should be one. However, it has been noted that the correlation between the details of the Pan image and of the high resolution MS images may not be equal to one [1] . At times there are details that are present in the MS band which are absent in the Pan image and vice versa [8] .
To exploit the relationship between the details of the Pan and MS images we propose to use the complements of the MTF filters to extract the high frequency information from the Pan and MS images at both high (fused) resolution and low (starting reference) resolution. This high frequency information represents the details at both the resolutions. The Q4 Index is calculated between the details of the MS and Pan image at both resolutions and it is assumed that this relationship does not change, at least significantly, across scale.
Hence, the proposed procedure for the assessment of spatial quality becomes: 6. Repeat the first five steps for the low resolution Pan and the original MS image.
7. Calculate the absolute difference in the Q4 value across scale. This results in the Spatial Distortion Index.
The block diagram representation of the spatial quality assessment is presented in fig. 3 . It should be noted that the same MTF filters are used for assessing both the spectral and spatial quality of the images. It should also be noted that the V -62 low resolution Pan image used for assessing the spatial quality is obtained by using an approximately ideal filter. For this purpose we have used the 11th order filter presented in [9] and its frequency response is represented in Fig. 1 . An approximately ideal filter is used instead of an MTF shaped filter because of the post-processing of Pan images, i.e., the Pan images provided by the operators are inverse filtered to increase sharpness. Hence, the filtering process on a panchromatic image is filtering by an MTF filter (optical device induced) followed by an inverse filtering using the the inverse MTF filter response (operator induced).
EXPERIMENTATION AND RESULTS
We have tested our quality assessment method on pansharpened images using data from simulated Pléiades and Quickbird sensors. The results obtained at full and degraded resolutions are summarized in Tab.1 and Tab.2, respectively.
The first three indexes, namely Q4, SAM, and ERGAS require the high resolution MS image as the reference and have ideal values one, zero, and zero respectively. The QNR index provides spectral and spatial distortion information, D λ and D s , having ideal values zero [1] . Zhou's protocol has the ideal spatial quality value equal to one and ideal spectral distortion value equal to zero [3] . However, to keep consistency the Zhou spatial quality results are presented as spatial distortion results and hence the ideal spatial distortion value is zero. The proposed method has ideal spectral and spatial distortion indexes tending to zero. Working with degraded Pléiades image, the low resolution MS image is at 4 m resolution and the fused images are at 1m resolution. Since, the Pléiades provides MS images at 1 m resolution the fused images can be compared to the reference. Hence, the results of the proposed algorithm can be compared to ERGAS, SAM, and Q4 results. From the results it is clear that the proposed index is in accordance with ERGAS, SAM, and Q4. All methods are in agreement that the Reference MS image is the least distorted, followed by AWLP [10] which is followed by Gram Schmidt (GS) [11] fusion results. All indexes are again in agreement that, among the fusion methods tested, the eFIHS-SA [12] method produces pansharpened images with least quality. Table 2 presents the fusion quality at full scale. Since at the full scale the reference high resolution MS image is not available the Q4, SAM, and ERGAS indexes cannot be calculated. For the Quickbird image, the QNR algorithm suggest that the simple upscaled image without any additive high frequency information has best spectral quality while AWLP fused images have best spatial quality. Zhou's protocol suggests that the upscaled MS image has minimum spectral distortion whereas the eFIHS-SA algorithm has minimum spatial distortion. The proposed algorithm suggests that the AWLP method has both high spectral and spatial quality. This is in accordance with the results of the data fusion contest held in 2006 [13] where the AWLP algorithm was adjudicated to be among one of the two best pansharpening methods. Both QNR and proposed method are in agreement that eFIHS-SA method is the most distorted both spectrally and spatially. However, the Zhou protocol suggests that it is the least spatially distorted.
CONCLUSION
In this paper we have proposed a fusion quality assessment method which does not require a high resolution reference MS image. The novelty of the method lies in the use of MTF filters in the frame work of Wald's spectral consistency and Zhou's spatial quality protocols. The proposed method uses the same filters to separate the high and low frequency information for quality assessment of fused images. The algorithm was tested on fused Pléiades and Quickbird images. The proposed method is consistent with regards to the already accepted fusion quality assessment methods which require a reference MS image, i.e., SAM, ERGAS, and Q4. The proposed method is also in agreement with the QNR quality assessment. The index can be further expanded to work alongside the QNR index in providing a quality assessment index that is both necessary and sufficient.
